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A hormone, proctodone, was recently discovered to he produced by epithelial
cells located in the anterior portion of the proctodeum of the larval European
corn borer, Ostrinia nubilalls (Hubner) (Beck and Alexander, 1904a).  Proctodone
appeared to be responsible for the actvation of the neurosecretory processes leading
to the production of the prothoracotropic hormone, thereby constituting a major
endocrine component of the physiological processes underlying diapause develop-
ment and prepupal morphogenesis (Beck and Alexander. 1964h ).  Cytological evi-
dence of daily seccretory cveles in the proctodone-producing epithelial cells was
obtained, and some of the possible relationships between rhythmic physiological
functions and extrinsic photoperiodic signals have been discussed (Beck, 1964).

In the earlier publications, cited ahove, it was postulated that the rate of diapause
development may be determined hy the degree of synchronization between two or
more interacting or interdependent physiological rhythms, such that when the
rhythms were physiologically “in phase,” development was rapid and diapause was
soon terminated. Conversely, diapause development was slow and the diapause
state greatly prolonged when the participating rhythmic functions were physio-
logically “out of phase.” In support of this “phase theory” of developmental
control, evidence was presented of the existence of secretory rhythms in both
proctodone-producing epithelium of the proctodeum and lateral neurosecretory cells
of the tarval brain (Beck. 1904). The rhythms were fouud to be influenced by the
environmental photoperiod, with the neurosecretory rhyvthm being sensitive to the
onset of light and the proctodeal rhythm heing sensitive to the onset of darkness.
3oth rhythms were found to be characterized hy the possession of an 8-hour period,
rather than the expected 24-hour period. Since the rhythms ran through three full
cvcles per day, they cannot be classified as circadian rhythms, although they cer-
taiuly utilized circadian photoperiodic signals as “Zeitgeberen.”

The present study was undertaken in an effort to clarify some of the relation-
ships between photoperiodic signals and the temporal characteristics of the proctodeal
secretory rhythm. Emphasis has been on the cytological changes involved in the
rhythmic function, rather than on the role or fate of the physiologically active sub-
stances produced during the secretory process.  Although a number of physiologi-
cal processes, including some endocrine functions, have been shown to display
rhythmicity in plants, invertebrates, and vertebrates, there has been a marked
paucity of cytological evidence in support of the hypothesis that secretory processes
may show rhythmic characteristics (Halberg, 1960: Harker, 1960; Bunning.
1963 ; Beck, 1963 ; Wolfson, 1964).

1 Approved for publication by the director of the \Wisconsin Agricultural Experiment
Station. This study was supported in part by a research grant (M 07337) from the National
Institutes of Health of the U. S. Public Health Service.
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METIIODS AND MATERIALS

The experimental insects emploved in this investigation were larvae of the
European corn borer.  The larvae were reared on meridie diets as previously de-
seribed ( Beek, 1962), with diapause being induced by means of short-day photo-
periods (12 hours of light and 12 hours of dark) during the larval growth period.
Some experiments involved exposure of larvae to long-day conditions, which was
accomplished by means of incubators programmed for 16 hours of light and 8
hours of dark per day. A1 of the short-day and long-day incubators were synchro-
nized so that the clock times of the onset of hght were identical.  The photo-
periodic conditions differed, therefore, only in the clock times at which the Hghts-off
signal occurred.  With only a few exceptions, noted specifically below. the ten-
perature used for rearing, treatinent, and post-treatment was 30° C.

Tissue samples for permanent shide preparation were fixed in Bouin’s fixative,
imbedded in paraffn, sectioned at 7 microns, and stained.  Staining was by either
iron hematoxvlin and cosin or the paraldehyde-fuchsin technique of Cameron and
Steele (1939). Nearly all of the experiments involved the examination of fresh
proctodeal tissue for the presence of intracellular secretory granules.  This was
accomplished by dark-field fluorescence microscopy: a lLeitz ultraviolet accessory
was used, emploving a UG-1 2-mm. exciter filter and Euphos barrier filters.
Living larval proctodeums were dissected ont, and excess fat and tracheae removed.
They were then sphit laterally, mounted flat in water on a microscope slide, and
covered with a thin covershp.

The secretory granules occurring in the proctodeal epithelium were previously
observed to display antofluorescence, leading to the detection of cyelic cell activity
(Beck, 1964). In the present study, the secretory evele was followed by the
examination of tissue samples collected at different times during the photoperiodic
cvele. Permanent records of the relative intensity of the fluorescence and the
cellular disposition of the fluorescing granules were obtained by photomicrography.
For this purpose. 35 num. color film was used (High-Speed Ektachrome, ASA
= 160) with a standard shutter speed of 120 seconds. The pictures were developed
and mounted as 2> 2 inch transparencies. Il subsequent considerations of the
seeretory state of the samples were on the hasis of the colored photomicrographs, as
the tissue samples themselves conld not be preserved.

I order to study the seeretory evele and the effects of variables on the cycele,
it was necessary to devise o method for comparing the secretory state of different
tissue samples. For this purpose, the secretory evele was divided mto a sequence of
5 arbitrary stages based on the characteristics of the fluorescence vecorded in the
colored photomicrographs.  Black and white prints of the photomicrographs con-
stituting the standard examples of each stage are presented as Figures 1-5. The
general distingmishing characteristics of cach of the several stages are given with
the figures.  Although subject to the hmitations invariably accompanyving an
atonustic consideration of a continuum, the use of this arbitrary scale of relative
secretory activity has facilitated the study and has vielded consistent and re-
producible results.

With only few exceptions, all of the epithelial cells of a given proctodeal sample
were virtallyv adentical 1 respect to the observable fluorescent inclusions, making
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Ficure 1. Stage 0 of proctodeal secretory cycle. Cells are devoid of visible fluorescent
cytoplasmic granules.

Freure 2. Stage 1 of proctodeal secretory cycle. Cells contain scattered fluorescent
granules; cell outlines are just discernible.

Ficure 3. Stage 2 of proctodeal secretory cycle. Cells contain numerous large fluorescent
granules ; cell and nuclear outlines easily discernible.

Ficure 4. Stage 3 of proctodeal secretory cycle. Iluorescent cytoplasmic granules vary
numerous ; nuclear outlines well-defined.

Ficure 5. Stage 4 of proctodeal secretory cycle.  Cells packed with finely divided fluores-
cent inclusions; nuclei partially obscured by inclusions.
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it relatively casy to assign ecach preparation to one or another of the stage
classifications.  The procedure for assigning sccrctory stage values to the photo-
micrographs was as objective as practicable.  The pictures obtained in an experi-
ment or series of tissue samples were marked with code numbers, randomized, and
compared individually with the series of standards.  On the basis of such com-
parison, cach was assigned to one of the arbitrary stages.  Following this evaluation,
the photomicrographs were decoded, and the stage values were recorded according
to the experimental series to which they belonged.  Statistical analyses of the data
so obtained were limited to frequency distribution considerations.  The use of
statistical tests, such as analvses of variance, wias avoided becaunse of the mathe-
matical artificiality of numerical data describing arbitrary classifications.

RestrLrs axp Discrssion
Rhvtlion characteristics

Stained sections of the anterior portions of the proctodeums of mature diapans-
ing European corn borer larvae usually disclosed that the epithelial cells contained
granular cyvtoplasmic inclusions that stained dark purple with paraldehyde-fuchsin.
The presence of such granules, irregular multilobate nuclet, and numerous small
cyvtoplasmic vacuoles was interpreted as bheing indicative of much synthetic activity.
In some specimens, the cells were devord of the stainable granules, although showing
the typical vacuoles and multilobate nuclei. Whether or not the epithelial cells
contained stainable secretory granules appeared to depend upon the time of day
that the larvie had been fixed.  These observations suggested that secretory activity
was on a cyelic hasis. Our interpretation has heen that the paraldehyde-positive
products accumulate in the small cvtoplasmic vacuoles, and are then secreted into
the hemolymph through the basal cevtoplasmic membrane and the basement mem-
brane underlving the cell layer.  In the immature, feeding stages of the insect,
these cells are known to absorh water and digested substances from the gut lumen
and to scerete them into the hemolymiph ( Wigglesworth, 1950).  During diapause
and postdiapause, the larvae do not feed and the gut tract is quite empty.  Our
observations indicate, however, that the cells retain the capability of seeretion into
the hemolymph, and have an endocrine function,

Study of the seceretory cvele has been greatly facilitated by the finding that the
seeretory granules display a pale green antofluorescence i the fresh state. The
cyvele of elaboration and scerction could be followed by the examination of successive
timed tissue samples without the laborious delay involved in fixation, embedding,
sectioning, and staiing. Tt was found that at the stage of the seeretory cyele in
which no paraldehyde-Tuchsin-staining granules were present, no fluorescent gran-
ules were detectable. This observation led us to the tentative interpretation that
the stainable particles and fluorescent particles were identical.

The absence of tlnorescent inclusions in the epithelial cells was characterized as
Stage 0 of the sceretory ceyele (Figo 1), and was interpreted as being the result
of the cells” having liberated their accumulated secretory products. For reasons 1o
be discussed below, this stage of the seeretory evele is thought to be of relatively
short duration.  After Stage 0, the cells again begin to accumulate  secretory
products, as shown by progressive increase in the amount of fluorescent granules—
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Stages 1, 2, 3, and 4 (Figs. 2-5). Our observatio led us to believe that the
cells are capable of hiberating their products a - a ither Stage 3 or 4.
For the purposes of studying the effects of photop n the secretory cycle,
Stages 0 and 1 were of the greatest interest, and t comnashcontrasiet
to the occurrence of the other secretory stages.
Proctodeal tissue samples were taken hourly from gro i ‘ N

larvae that were maintained under either long-day or short-day photoperiods. 7l
results of typical 24-hour series are shown in Figures 6 and 7, in which eacl 1

sample examined is syvinbolized Dy a small circle, with the occurrence of Stag

0 and 1 being depicted by solid black circles and the other stages by open circles

0 HOUR

Ficure 6. Temporal distribution of proctodeal secretory cycle Stages 0 and 1 (solid circles)
among diapausing larvae of the European corn borer held in a short-day photoperiod.

It was apparent that Stages 0 and 1 did not occur at random during the 24 hours
but tended to be most frequent at the beginning of the scotophase (dark phasc
of the photoperiod) and at -hour intervals thereafter. The borer larvae nsed
i the series depicted in Figure 7 had been transferred from a short-dav photoperio
to a long-day photoperiod 10 days prior to the experiment.  The results indicate
therefore, that the insects were capable of adjusting the secretory cyele in accord
with the photoperiod and that the beginning of the scotophase determines the
time of occurrence of the subsequent secretion times.  We have confirmed this
conclusion by the results of a number of experiments in which the borer larvae were
required to adjust to changes in the time of the beginning of the scotophase; the
secretory rhythm always shifted so that one of the times of secretion (Stages 0
and 1) approximately coincided with the onset of the scotophase.  The proctodeal
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sceretory rhythm is temporally adjusted throngh the tmseet’s response to the lights-
ofl stimulus provided by the extrinsic photoperiod.

The proctodeal sceretory rhvilim is not, in itself, a circadian rhythm, hecause it
displays a period approximating 8 rather tean 24 hours. Tt is phase-set (temporally
adjusted) by the 24-hour rhyvthm of davlight and darkness, and is most certainly
a component of the insect’s photoperiodisin. - The possible significance of the cffects
of lights-on and lights-off stimuli on R-hour physiological rhythms in the control
of growth processes was discussed moan earlier paper (Beck, 1964).

0 HOUR

IFrcure 7. Temporal distribution of proctodeal secretory cyele Stages 0 and 1 (solid cireles)
among diapausing larvae of the European corn borer held in a long-day photoperiod.

Data such as those of Figures 6 and 7 gave rise to some serious questions
concerning the actual time-course of the plivsiological rhvthm.  One such question
pertamed to an explanation of the relatively low frequeney of occurrence of Stages
0 and 1 at the beginning ol the scotophase. Not all (or even most) of the larvae

b > /
sacrificed at that time showed proctodeal tissue that was nearly devoid of fluorescent
granules.  One might expeet that the incidence of Stages 0 and 1T would he much
higher than was actoally observed, if the population was to he considered reasonably
homogeneous and if all of the Lorvae were responsive to the photoperiodic stimuli.
S
These considerations prompted us to undertake a more detailed study of the distri-
bution of sccretory stages during the hours immediately before and after the
o S b -

beginming of the scotophase.

The percentage mcidence of the several arbitrary stages of secretion for some
different time periods 1s shown in Figure &0 Nidevele™ is the 60-minute period
between 4.5 and 3.5 hours prior to the hehts-off time: “—1 hr.” identifies samples

bl
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examined between 90 and 30 minutes prior to the lights-off time; 0 hr.” designates
samples taken fromn 30 minutes hefore to 30 minutes after the lights-off time; and
“+1 hr" designates tissue samples collected from 30 to 90 minutes after the begin-
ning of the scotophase. About 40 larvae were dissected and cxamined to obtain the
data for each of the different time periods.

The “midcycle” distribution shows Stage 3 to be the most frequent, with Stages
3 and 4 constituting the condition of over 80% of the insects cxamined. At this
time there were no Stage 0, and Stage 1 was rare (one instance out of a total sampls
of 40 farvae). At “—1 hr.” the distribution changed only in that Stage 0 and
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Ficure 8. Incidence of different arbitrary proctodeal sceretory stages (0-4) among European
corn borer larvae examined at different times during the secretory cycle.

Stage 1 were each present to the extent of about 5%. The distribution at “0 hour”
showed two pronounced changes : (a) the incidence of Stage 1 was greatly increased,
and (b) the incidence of Stage 3 was much lower than in previous samplings.
The distribution at “+1 hour” showed a decline in the incidence of Stage 1 and
an increase in Stage 3. Although not included in Figure & histograms of the
incidence of the different sccretory stages at +2 and 43 hours showed a return
to the “mideycle” distribution.

The cell state observed in Stage 0 and Stage 1 proctodeal tissue samples was
interpreted as an indication that the cells had hberated their secretory products
shortly before the larvae had been dissected,  For this reason. the incidences of
these two sccretory stages were considered together, and their incidence compared
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to the incidence of the other arbitrary stages i subsequent experiments,  Combining
the data from a number of series in which the larvae examined were from the
standard short-dayv photoperiod. the temporal distribution characteristics of Stages
0 and 1 were determined for the period from two hours before to two hours after
the beginning of the scotophase (Fig. 9).  Of the total number of Stages 0 and 1
observed, 439 occurred within 30 minutes of the beginning of darkness.  The data
form an obviously normal frequency distribution. with the mean falling very close
to the lights-off time of the photoperiodic evele.  From these data, we can conclude
that the inscet’s proctodeal secretory rhyvthm is, indeed, temporally adjusted to
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Freoure 9. Trequency distribution of combined Stages 0 and 1 during the hours
surrounding the beginning of the scotophase.

the beginning of the scotophase, such that the proctodeal cells tend to release their
secretory products 1 approximate synchrony with the lights-off signal.  Because
the secrctory rhivithim appears to possess an cight-hour period, it is evident that
photoperiod can directly influence only one of the three daily cycles; the others
must occur endogenousty. hut timed in accord with the cvele that responded to the
photoperiod.

Suwmpling probability characteristics

If the proctodeal cells liberate their secretory products in approximate synchrony
with the lights-olf signal, why is the incidence of Stages 0 and 1 often relatively
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low, even at the “0 hour” as shown in Figure 87 This effect can be explained on
the basis of the unfavorable probabilities attending the tissue sampling procedure.
The measured response (Stages 0 and 1) is assumed to form a normal distribution

such that two-thirds of the larvac may be expected respond within 60 minutes
on either side of the lights-off time. A second assumption is also made : the duration
of Stage 0 is about 15 minutes and that of Stage 1 is about 30 minutes. \When a
larva is chosen at random for dissection at about the heginning of the scotoph:
the probability that it will be among those that respond within the two-hour
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Fiaure 10. Effect of a combined thermoperiod and photoperiod on the incidence of Stages 0 and
1 of the proctodeal secretory cycle in diapausing larvae of the European corn horer.

period designated above is 0.67.  The probability that it will be at Stage 0 at the
time of dissection is 0.67 X 0.125 (hecause there are cight 15-minute periods in
two hours). This means that the probability of observing a Stage O tissue prepara-
tion at even so favorable a time is but 0.023; on the average, one larva out of a
sample of twelve should be found to be at Stage 0. I the duration of Stage 1 is
twice that of Stage 0, about one larva out of six should be found to be at this stage
when the population is sampled during the hour before and the hour after the
lights-off time. The expected incidence of Stages 0 and 1 combined would he about
25% of the larvae examined: the ©0 hour™ distribution data in Figure 8 show a
combined Stages 0 and 1 incidence of 28%
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These probability considerations have some important implications that reach
bevond the present limited study. I any instance where a physiological process
cannot be followed continnously in cach individual spectmen, the mvestigator is
limited to making observations on a snccession of specimens, each of which has
been hixed at some point of time.  Under snch conditions, especially those in which
successive physiological stages are relatively fleeting, the existence of highly sig-
nificant rhythmie functions mayv be overlooked or, if suspected, difficult to demon-
strate convincingly. In the present mvestigation, the demonstration of a photo-
periodically sensttive secretory rhivthm could not have heen accomplished in the
absence of the moderately large numbers of samples made feasible by the simple
autolluorescence technigue of examination.

Fffects of thermoperiod

An attempt was nmiade to incerease the incidence of Stages 0 annd 1 anong the
borer Tarvae at the time of the hghts-off signal. .\ thermoperiod was superimposed
on the photoperiod, so that the incubator temperature fell from 307 C. during the
photophase to 107 C. during the scotophase.  Previous results (Beck, 1962) had
shown that low temperatures during the scotophase inereased the incidence of
diapause, whereas high temperatures at that time tended to prevent diapiause.  As
shown in Figure 10, combining a thermoperiod with the short-day photoperiod had
the expected result of greatly increasing the incidence of observed Stages 0 and 1.
The large merease m response that occurred at one hour before the light-off signal
indicated that the effect was not a simple prolongation of the duration of Stages
0 and 1 because of low ambient temperature. It seems more hkely that the effect
of the thermoperiod was one of decreasing the time range of the response, and
thereby improving the probability of observing specimens in Stages 0 and 1 during
the two-hour period of interest.

Short-day to long-day transition

That the sceretory rhythm was capable of adjusting to a changed photoperiodic
schedale within a 10-day period was apparent carly in the study ( Figure 6 compared
to Igure 7). Attempts to trace the detailed course of such a transition have not
been wholly successiul, however, heecanse of the limitations of our sampling methods
and the inherent variability among the individuals of the experimental populations
used.

A large group of borer larvae that had been reared under a short-day schedule
m which the lights-off signal came at 12 noon was transferred (o a long-day
schedule in which the ights-ofl signal caune at -+ ey The incidence of Stages 0 and
I was determined for three time periods: (a) 11 an to | pay, which was one hour
on cach side of the Tights-off time of the original short-day photoperiod; (h) 1:30
to 2:30 rars which was midway between the old and new scheduled lights-off time:
and (¢) 3 to 5 par, which was one hour on cach side of the Hghts-off signal of the
newly mposed photoperiod. The data of Figure 11 are typical of the results
obtained from experimients of this tvpe.  The incidence of larvae responding in
accord with the original noontime Hehts-off signal declined during the 8 days of the
experiment.  Responses during the 1:30 to 2:30 interval were observed throughout
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the 8 days, with the incidence about constant from the second day on.  As expected.
no larvae responded between 3 and 3 rym on day O, but the incidence of response

increased from day 1 until at least day 6. The results indicate that there was con-
siderable individual variation in the larvae’s ability to adjust to a four-hour change
in the photoperiod. Some larvae were responsive to the new photoperiod by the
second day, whereas others were still in the process of making the transition on the

Qth day, as evidenced by the incidence of responses occurring in the middle hot

of 1:30 to 2:30 par. Although it was apparent that transient phases occurre
during the process of becoming synchronized with a changed photoperiod, we were
unable to determine the number of transient responses involved. Nonetheless
these results are in very good agreement with those of earlier work (Mcl.cod and
Jeck, 1963), in which the effect of photoperiod on diapause development was
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Ficure 11, Ticidence of secretory Stages 0 and 1 during 8 days following a four-hour change in
the time of the lights-off signal (European corn borer larvae in diapause).

studied.  In that work, transfer of diapausing borer larvae from short-day to long-
day photoperiods and from long-days into continuous darkness disclosed that some
of the larvae could adopt and maintain a long-day developmental schedule within
two days, but at least 10 days were required for all of the population to make
the adjustment.

SUMMARY

1. In mature diapausing larvae of the European corn borer, Ostrinia nubilalis
(IHibner), the epithelial cells of the anterior portion of the proctodeum were
observed to show evidence of a regular cycle of synthesis and secretion.  The cycle
involved progressive accumulation and subsequent disappearance of paraldehyde-
positive, autofluorescent cytoplasmic inclusions.  For the purposes of this study,
the secretory cycle was divided into a series of 5 arbitrary secretory stages.

2. The proctodeal secretory activity was shown to constitute a rhythmic func-
tion. The rhythm was found to be non-circadian, in that it displayed an approxi-
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mately S-hour period, such that three complete sceretory eyeles occurred during
each 24-hour day.

3. The proctodeal sceretory rhythm was shown to be phase-set by photoperiod.
The release of secretions (loss of intracellular grannles) occurred in response to the
beghiing of the scotophase (lights-off stimulus) and endogenously every & hours
thereatter.

4. A thermoperiod that was superimposed on the photoperiod, so that a low
temperature was concurrent with the scotophase, had the effect of intensifying the
physiotogical response to the photoperiod.

3. From two to ten days were required for the secretory rhythm to re-syn-
chironize with a four-hour change in the clock time of the lights-off signal.  Because
of great mdividual variability, the number of transient phase responses could not be
determined.
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